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Springborn Laboratories is engaged in a study of evaluating potenti- 
ally useful encapsulating materials for Task 3 of the Low-Cost Silicon 
Solar Array project (LSSA) fiinded by DOE. The goal of this program is to 
identify, evaluate, and recommend encapsulant materials and processes for 
the production of cost-effective, long-life solar cell modules. 

During the past year materials for sttidy were chosen on the basis of 
existing knowledge of generic chemical types having high resistauice to en- 
vironmental weathering. The materials varied from nibbers to thermoplas- 
tics and presented a broad range of mechanical properties and processing 
reqtiirements. Basic physical and optical properties were measured on the 
polymers and were redetermined after exposure to indoor artificial acceler- 
ated aging conditions covering four time periods. Strengths and weaknesses 
of the various materials were revealed and data was accumulated for the 
eventual develo^mient of predictive aging methodologies. 

Although most of the initially selected materials will not in them- 
selves be recommended as encapsulant s, studies of their properties have 
been useful in deteinnining trends in materials and processing requirements. 

During this quarter, flat-plate solsu: collector systems were consid- 
ered and six basic construction elements were identified: outer coatings, 

superstrates, pottants, substrates, undercoats, and adhesives* Materials 
surveys were then initiated to discover either generic classes or/and spe- 
cific products to function as each construction element. Cost data in- 
cluded in the surveys permit ready evaluation of each material in terms of 
the LSSA 1982 and 1985 target costs (materials allocation for 1985 is 
$0.23 per square foot). 

Silicones, fluorocarbons, glass, and acrylic polymers have the high- 
est inherent weatherability of materials studied to date. Only acrylics, 
however, combine low cost, environmental resistance, and potential 
processability. This class will receive v^ticular emphasis. 
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Lowcost coatings to screen out deleterious ultraviolet light were 
also investigated » with considerable success. One-mil coatings of acsrylic 
resin containing UV absorbers were prepared in the laboratory and found to 
have zero percent ultraviolet transmitt^tnce in several cases. These coat- 
ings may permit the use of low-cost, UV-unstable materials as encapsulants . 

The plasma-spray process of applying conformal coatings received fur- 
ther attention this quarter but still proved to be unsuccessful in labora- 
tory trials on miniature modules. 


2 . INTRODUCTION 


The goal of this program is to identify auid evaluate materials 
and encapsulation processes for the protection of silicon solar cells 
for service in a terrestrial environment. Systa&s will be recommended, 
consistent with DOE objectives, for the 1982 requiremients of $2.00 a 
watt and for the 1985 t2urget of $0.50 per watt (23 cents per square 
foot materials eU.location) . Encapsulation packages are being de- 
signed to provide a minimum service life of at least 10 and prefercd>ly 
20 years. Consideration is also being given to mass-production 
capabilities. 

Assuming the flat-plate collector to be the most efficient de- 
sign, nine different basic variations have been considered and six 
construction elements identified. These elements aure (a) outer cov- 
ers, (b) superstrate materials, (c) pottants, (d) substrates, (e) back 
covers, and (4) adhesives. At present, extensive surveys are being 
conducted into many classes of materials in order to identify a com- 
pound or class of confounds optimum for use as each construction ele- 
ment. Properties being considered are cost, tramsparency, weathera- 
bility, and applicadiility processing. 

An additional task is the investigation of ultraviolet light 
stabilizers, amtioxidants, fillers, and other techniques to improve 
the weatherability and extend the environmental life of materials 
having low UV resistance. Through the use of these processes, other- 
wise unweatheraUale materials may become cost-effective camdidates for 
the LSSA program. 

Prototype cell modules have been encapsulated with combinations 
of materials exhibiting promising properties amd are being exposed to 
both natural and artificial weathering conditions. It is amticipated 
that specific problems relating to encapsulation materials and pro- 
cesses will be identified in this study. 



The testing program incorporates evaluation of Initial proper- 
ties of selected polymers and subsequent retesting after e:q>osure to 
accelerated aging conditions. The aging envircHunents consist of com- 
binations of heat, humidity, and ultraviolet light, followed by test- 
ing of mechaniccd and optical properties. It is hoped that definitive 
coirrelations of natural and artificl6d aging techniques will result 
from this study and permit predictcd>le accelerated materials testing 
to be conducted. 


still may not have sufficiently low modulus to provide the required degree 
of stress relief from thermal expansion. 

Although the use of plasma spray has not been overly successful for 
this phase of the encapsulation task, it may provide an economical way to 
a^ly coatings in various other eureas of the LSSA project. 


3-3 




FIGURE 1 


Energy Comparison 


E E/s E/C 

74 Kcall 1 127 Kcal i 


Epoxy Epoxy plasma 

fusion sprayed on 

alone steel and 
ceramic* 


E/S E/C 
I 603 Kcal I 

Epoxy fluid-bed 
coated on steel 
and ceramic. 


^ 476 Kcal 

Average energy difference: *ooo ® 20% 

looJ otu 


Support t)ata for Figure 1 


Material Constants 


Size (ft^x in. ) 


Density (g/cm^) 


Weight (Kg) 


Specific heat (cal/g) 


Melting point (°C) 


A T (Tenqperature 
Difference) 


XAH (Total Heat) (Btu) 


IAh (Total Heat) (Kcal) 


Epoxy 


Steel 

Ceramic 

100 X 1/4 

100 X 1/4 

7.83 

3.32 

28.2 

11.95 

1 0.11 

0.27 


































4. UV UPGRADE 
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other than acrylics and fluoroceurbons, plastics are not inherently re- 
sistant to weathering. This limitation does not mean that plastics cannot 
be modified for outdoor use, however. Weather-resistant coatings through 
internal compoxinding of special additives can adhieve dramatic improvements 
in environment^Ll resistance. 

Most of the adverse effects of weathering result from the ultraviolet 
portion of sxinlight, generally in the range between 300 and 400 namometers. 
The energy contained in ultraviolet light Ccui break the molecular chains in 
a polymer and promote oxidation, eventually resulting in loss of mechanical 
and other properties. Deterioration by weathering will depend on the ma- 
terial, the additives, the total amount of radiation absorbed, the tempera- 
ture, humidity, and possibly other factors. 

Protection from UV light is obtained with stabilizers known as ultravio- 
let inhibitors; and protection from oxidation is achieved with the use of 
wtioxidants. Most frequently the two used together have a synergistic re- 
action in which the increase in weatheradDility is greater than that obtained 
with the use of either one alone. Antioxidants used alone - especially in 
Icorge quantities - often accelerate UV-catalyzed degradati a. 

The most efficient form of stabilization involves the ise of pigments 
which render the polymer opaque. Generally, the most effective means of im- 
proving the weather resistance of plastics is to compoiuid them with carbon 
black. Carbon black is totally opaque to both visible r id ultraviolet por- 
tions of the spectrum and additionally serves as a free-radical trap that 
inhibits chain rcission. Zinc oxide is another UV-absorbing opaque pigment 
that is white in color and consequently heat and light reflective. Although 
the primary interest in LSSA at present is transparent potting compounds, 
the use of opaque additives will probably find application in the stabiliza- 
tion of substrate and undercoating materials. 

Tremsparent materials \ce much moie difficult to stabilize, requiring 
either appropriately select overcoatings and/or the correct blend of UV 
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absorbers, antioxidants, and other stabilizers. Tables 1 and 2 list vari- 
ous common commercial UV stabilizers and antioxidants. UV stabilizers are 
typically used at 0. 2-0.8 parts per hundred parts resin, and antioxidants 
at the 0.05 to 0.5 parts level* Upgrading by internal confounding has been 
demonstrated in previous studies (Fifth Quarterly Progress Report, August 
1977) and found to be successful in retaining optical transpa.:ency of the 
four polymers exposed. Further information on the efficacy of this approach 
will be available when data are reported at the end of the eight-month 
exposxire period. 

During this report quarter, stabilizing films and coatings were inves- 
tigated. Upon surveying present commercial sources, very few transparent 
UV-ad3Sorbing films were discovered. Acrylic or fluorocarbon films have 
been laminated commercially over thermoplastic sheet materials, with notable 
increases in weatherability. Korad acrylic film (Excel Corporation, Newark, 
New Jersey) is another exanfle of this approach. 

Only three domestic commercial ultraviolet-absorbing films were dj 
ered; Tedlar UT (Du Pont, Wilmington, Delaware), Llumar (Martin Processing, 
Martinsbxirg, West Virginia) , and a plasticized polyvinyl butyral - Saflex 
UV-40 (Monsanto Chemical Confany, Springfield, Massachusetts) . Saflex UV-40 
is a sheet resin employed in laminating architectural safety glass. The 
ultraviolet screening agent serves to protect the colors of rugs, fabr • , 
paintings, etc., behind shopfront windows. It is designed for and rti, * ?~ 
ted to use as a glass laminating material. The other two films - Tedlar UT 
(0.001 inch) and Llumar (0.005 inch) - cost $0,046 and $0.22 per square foot, 
respectively, or 20 and 95 percent of the 1985 materials cost allocation for 
the encapsulation task. The Hxsmar film can obviously not be used; and the 
Tedlar is still expensive at one-fifth of the total allocation. 

Experiments were conducted to determine the feasibility of preparing 
low-cost, U\^-absorbant coatings. Solution acrylic coatings were chosen as 
the vehicle (Acryloid ivories; Rohm Haas Company) due to their low cost, 
tramsparency, and inherently excellent weathering chare* jiteristics. Three UV 
absorbers chosen from the benzophenone and benz^triazole classes of UV sta- 
bilizers (Tad>le 1) were blended into each of the formulations shown in 
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Table 3 at two concentrations. Films were subsequently cast and dried to 
a thickness of 0.001 inch. The 2 and 5 phr concentrations were chosen based 
on Springborn Laboratories experience; the 5 and 1C phr levels used for 
Permasorb MA were based on recommendations by National Starch. 

Transmittance measurements show these films to be approximately 80 per- 
cent transmissive in the visible regions, and from zero to 11 percent trans- 
missive in the ultraviolet range. Four formulations had no transmittance 
at all in the UV region, and these ranged from 50.0092 to $0.0122 per square 
foot per mil. This corresponds to approximately 20 percent of the cost of 
Tedlar or 5 percent of the materials cost allocation. Increase in additive 
level of the UV stabilizer does not always result in a significant decrease 
UV transmission. This may occur because the UV transmission is already 
low, t'*^*^*^ uc the lower additive concentration. Extensive effort is re', lired 
to optiitiize the UV additive system with regard to type and concentration of 
UV stabilizer (s) and presence of synergists. Optimum systems will also vary 
with the polymer vehicle. 

The efficacy of these coatings in protecting an underlying pottant is 
not know at this time, but experiments are in progress to generate compara- 
tive data on the decr.es of protection offered by these coatings versus Tedlar 
and internal compou xng of UV stabilizers. 
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TABLE 1 
OV Stabilizers 


ORIGINAL PAGE li, 
OE POOR QUAury 


Trade Mase 

Chemical Name 

Function 

Manufacturer 

Price 

($/Lb) 

• Benzophenone 

Uvinul 

400 

s - 

2,4-dihydro3cy benzophe- 
none 

UV absorber 

GAF 

6.70 

Uxrinul 

D-49 

2 , 2 • -dihydroxy-4 , 4 * - 
dimethoxy oenzophenone 

UV absorber 

GAP 

12.40 

Cyasorb 

OV-531 

2-hydro^-4-n-octoxy- 

benzc^henone 

UV oOssorber 

American 

Cyanamid 

4.80 

Permasorb-MA 

7 -*hydroxy-4- (2-hydroxy- 
3HDethacryIylozy ) - 
propoxy-benzophenone 

UV absorber 

National 

Starch 

10,20 

. Benzotriazol 
Tinuvin 327 

es - 

2-(3* ,5*-di-t-butyl-2*- 
hydroxy phenyl) -5- 
ch " orobenzotr iazole 

UV absorber 

Ciba 

Geigy 

9.75 

Tinuvin P 

2- (2 * -hydroxy-5 * -methyl 
phenyl) benzotriaizole 

UV absorber 

Ciba 

Geigy 

9.25 

. Nickel Compl 
AM-IOS 

exes - 

Nickel bisoctyl phenol 
sulfide 

Excited state 
quencher 

Ferro 

3.85 

Cyasorb 

UV-1084 

f2, 2 * -thiobis (4-t-octYl 
phenolato ) ] n-butyl- 
amine Nickel II 

Excited state 
quencher 

American 

Cyanamid 

5.65 

Irgastab 

2002 

Nickel bis [6-ethyl (3, 
5-di-t-butyl-4-hydroxy- 
benzyl)^ phosphate ' 

Excited state 
quencher 

Ciba 

Geigy 

8.10 

. Acrylonitril 

UV Absorber 
340 

es - 

N- -cyano- ^ -carbo- 
methoxy vinyl ) -2- 
methyindoline 

UV absorber 

1 

Mobay 

10.99 


. . . Continued 
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TABLE 1 - (Continued - 2) 


omgwm- pao® J 

OF POOR QOALlTi 


Trade Name 

Chemical Name 

Function 

Manufactvurer 

Price 

($/Lb) 

Acrylonitriles (Continued) - 




UVinul 

N-35 

Ethyl-2-cy2UK)-3 , 3-di- 
phenyl acrylate 

UV absorber 

GAF 

8.10 

Uvinul 

N-539 

2-ethyl hexyl-2-cyano- 
3, 3-diphenyl acrylate 

UV absorber 

GAF 

6.40 


Benzylidene Malonates - 

Cyasorb (p-methoxybenzylidene ) 

UV-*1988 malonlc acid, ditoethyl 

ester 


UV absorber 


I American 
> Cyanamid 


12.60 


Cyasorb (p^-ine thoxybenzylidene ) 

UV-3100 malonic acid, diethyl 

ester 


Benzoate Esters - 

I 2,4-di 
AM- 340 3,5-di 


2 . 4- di-t-butylphenyl- 

3 . 5- di-t-butyl-4- hy- 
droxybenzoate 


Inhibitor 

RMB 


Resorcinol nkonobenzoate 

RMB 

SaJ^icylates - 


UV absorber 


j American 
I Cyanamid 


Radical j 
deactivator j 


Ferro 


UV absorber I Eastman 


Inhibitor 

OPS 

p-octylphenyl sali- 
cylate 

UV £d>sorber 

Eastman 

Salol 

Phenyl salicylate 

UV absorber 

Dow 

t-Butyl 

Salol 

4-t-butyl phenyl sali- 
cylate 

UV absorber 

Dow 

• Amine 




Tinuvin 

770 

Hindered amine 

Radical 

deactivator 

Ciba 

Geigy 


Discon- 

tinued 


13.20 


3 
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TABLE 2 


Antioxidants 


Trade Name 

Chemical Name 

Functions 

ManufactTirer 

Price 

($/Lb) 

. Alkylated )tono-Phenols 

Free-radical 

scavenger 

Shell 

1.06 

lonol 

2 , 6-di-t-buty 1-4-methyl 
phenol 

Irganox 

1076 

Octadecyl 3- (3’ , 5’ -di-t- 
butyl-4 ' -hydroxyphenyl ) pro- 
pionate 

Free-radical 

scavenger 

Ciba-Geigy 

3.60 

Irganox 

1093 

0, 0-di-n-octadecy 1-3 r 5 , -di* 
t-buty 1-4-hydroxy benzyl 
phosphonate 

Free-radical 

scavenger 

Ciba-Geigy 

6.70 

. Alkylated Bis-Phenols 

Free-radical 

scavenger 

American 

Cyanamid 

1.81 

Cyanox 

1246 

2 , 2-methylene bis- (4-methyl- 
6- t-buty Iphenol ) 

Santonox R 

4,4' -thiobis- (6-t-butyl 
metacresol ) 

Free-radical 
scavenger ; 
peroxide de- 
composer 

Monsanto 

3.40 

Irganox 

565 

2 , 4-bis (n-octylthio) -6- (4- 
hydroxy-3 , 5-di-t-butyl 
anilino) -1 , 3, 5-triazine 

Free-radical 
scavenger? 
peroxide de- 
composer 

Ciba-Geigy 

(a) 

Santowhite 

4,4'-butylidene bis(6-t- 
butyl-m-cresol 5 

Free-radical 

scavenger 

Monsanto 

2.27 

. Alkylated 

Good-rite 

3125 

Poly-Phenols 

3. 5- di-t-butyl-4-hydroxycin- 
namic acid triester with 1, 

3.5- tris(2-hydroxyethyl) tri- 
azine-2 , 4 , 6-tr ione 

Free-radical 

scavenger 

Goodrich 

5.00 

Irganox 

1010 

Tetrakis f methylene 3-(3*r5'- 
di-t-butyi-4 ' -hydroxyphenyl ) 
propionate ] methane 

Free-radical 

scavenger 

Ciba-Geigy 

5.40 

Antioxidant 

330 

1 , 3, 5-trimethyl-2 , 4 , 6-tr is 
( 3 , 5-di- t-butyl-4-hydroxy 
benzyl) benzene 

Free-radical 

scavenger 

Ethyl 

5.30 


(a) Development product 
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. . .continued 



Trade Name 


Chemical Name 


Functions 


Manufacturer 


• Alkylated 

Topanol 

CA 

Poly-Phenols (Continued) 

3:1 condensate of 3-methyl- 
6-t-bi’uylphenol with cro- 
tonaldelhyde 

1 

1 

Free-radicai 

scavenger 

ICI 

3.89 

- 

CftO-30 

l,l'-thio bis(2-naphthol) 

Free-raci cal 
scavenger 

Ashland 

3.00 

. Thiodiproi: 

Cyanox 

LTDP 

•ionates 

Dilaurylthiodipropionate 

Peroxide 

decon^ser 

Americaui 

Cyanamid 

■ ^ 

1.31 

Cyanox 

STOP 

Distearylthiodipropionate 

Peroxide 

decosqposer 

American 

Cyanamid 

1.33 

Cyanox 

711 

Ditridecylthiodipropionate 

- - - 

Peroxide 

decompose: 

American 

Cyanamid 

0.96 

. Organic Ph 
Polygard 

K^spliites 

Tri (mixed mono- and dinonyl) 

Peroxide de- 
composer and 
metal deact 
vator 

Uniroyal 

0.62 

Wytox 438 

Polymeric phosphite 

Same 

1 

Stepan 

0.66 

Weston 

618 

Di(stearyl) pentaerythrityl 
diphosphite 

Same 

i 

Borg-Warner 

2.45 

• Amines 1 

Agerite 

White 

Sym. dibetcuiaphthyl-p- 
phenylenedi^unine 

Free-radical 
scavenger; 
copper in- 
hxbitor 

Vanderbilt 

2.59 

JZF 

N , N • -diphenyl -p-phenylene 
diamine 

Seune 

Uniroyal 

2.07 

. Miscellaneous Metal Deactivators 

Metal 

deactivator 

Ciba-Geigy 

6.75 1 

CHEL 180 

Proprietary 

Mark 

1475 

Proprietary triazole 

Same 

Argus 

11.70 

. Dithiocart 

Ethyl 

Zimate 

>amate 

Zinc diethyldithiocarbamate 

Peroxide 

decomposer 

Vanderbilt 

1.06 
' 1 
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TABLE 3 

Ultraviolet-Absorbing Coatings 


ORIGINAL PAGE IS 
OF POOR QUALITY 


(Based on Rohm & Haas Acrylics) 


Formula 

(a) 

Acryloid 

Number 

(b) 

(c) 

Level 

(d) 

Optical Transmission 

(e) 

Cost 

A-6693- 

Absorber 

(phr) 

UV 

290-350 nm 

visible 
350-800 nm 

$/lb 

(Dry) 

$/ft2/ 

rail 

1 

B-44 

Uvinul 400 

2 

6 

81.7 

1.248 

0.0076 

2 

B-44 

Uvinul 400 

5 

2 

79.4 

1.415 

0.0086 

3 

B-44 

Tinuvin-P 

2 

3 

79.9 

1.299 

0.0079 

4 

B-44 

Tinuvin-P 

5 

0 

71.7 

1.542 

0.0094 

5 

B-72 

Uvinul 400 

2 

11 

83-7 

1.368 

0.0083 

6 

B-72 

uvinul 400 

5 

3 

83.1 

1.532 

0.0093 

7 

B-72 

Tinuvin-P 

2 

5 

82.7 

1.419 

0.0086 

8 

B-72 

Tinuvin-P 

5 

0 

81.6 

1.659 

0.0102 

9 

B-82 

Uvinul 400 

2 

9 

83.5 

1.200 

0.0073 

10 

B-82 

Uvinul 400 

5 

1 

82.6 

1.368 

0.0083 

11 

B-82 

Tinuvin-P 

2 

1 

82.8 

1.251 

0.0076 

11 

B-82 

Tinuvin-P 

5 

0 

i 

82.1 

1 

1.495 

0.0092 

13 

B-44 

Permasorb-MA 

5 

1 

5 

83.0 

1.590 

0.0097 

IBI 


Permasorb-MA ' 

10 

1 

80.8 

2.043 

0.0125 

r 15 

B-72 

Permasorb-MA 

5 

9 

80.0 

1.707 i 

0.0104 

16 

B-72 

Permasorb-MA 

10 

2 

82.0 

2.154 

0.0132 

17 

B-82 

Permasorb-MA 

5 

2 

81.8 

1.543 

0.0094 

18 



B-82 

Permasorb-MA 

10 

0 

80.8 

1.999 

1 0.0122 


(a) Solution acrylic coatings 

(b) Absorber dissolves in acrylic solution by stirring at 
60*^0 for 20 minutes. Formulations also contain 1% 

Cyasorb UV-1084 quencher for additional stability. ...Continued 
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TABLE 3 (Continued - 2) 


(a) (b) (c) (d) (e) 

^tical Treuismission Cost 

Formula Acryloid . Level 1 1 — 

A-6693- Number Aosorber Visible $/lb $/ftV 

290-350 nm 350-800 nm (Dry) mil 


OV-40 

BG30-UT 



75.2 

(f) 


6.75 0.0482 


(c) phr s Parts per hundred parts resin, based on solids content. 

(d) Integrated transmissions on 1-mil films. 

(e) Based on assumed average density of 1.18, or 0.0426 Ib/in.^. 


(f) Based on manufacturer's data for this film. 


3 






nm ‘ 




5. ENCAPSULATION DESIGNS AND MATERIALS 


INITIALLY SELECTED MATERIALS 

Twenty^four materi 2 U.s were originally selected for study in this pro- 
grasif on the basis of tramsparency and weatherability* Most of the ori- 
ginally investigated polymers proved to be cost-ineffective and/or not 
amenable to any processing method that could be used to encapsulate solar 
cells. The selection of materials was directed solely at transparent pot- 
tants and did not include other possible construction elements such as sub- 
strate materials; protective coatings were briefly investigated* Useful in- 
formation has been obtained, however, that provides a good base of experience 
and accumulated data that is applicable to further material studies. 

In a continuation of this original program, data are being obtained 
from outdoor exposures as well as from the original accelerated aging ex- 
posures so that correlations between natural and artificial accelerated en- 
vironments may be made. No final conclusion can be drawn at this time, as 
the polymers under investigation have not finished their exposure terms un- 
der natural conditions* Tensile bar sauries were put outdoors in Florida 
and Arizona at 45^ angle exposxire, and in Arizona in the EMMAQUA (a device 
combining natiiral sunlight with artificial acceleration by means of mirror 
concentrators plus a water spray) . Encapsulated cells are under exposure in 
Arizona in the EMMAQUA* 

The first set of data from an outdoor EMMAQUA accelerated aging condi- 
tion has been obtained. Table 4 shows the change in properties of ten poly- 
mers after four months of exposure to EMMAQUA. The materials were chosen 
for this outdoor accelerated exposure on the basis of elongation results 
following accelerated indoor aging. We purposely chose polymers ranging 
from excellent to poor to examine the correlation between RS-4, Weather- 
Ometer, and oven aging with outdoor normal and EMMAQUA accelerated exposure. 

All polymers except polyvinyl butyral (PVB) were exposed as tensile 
bars fastened to a stainless steel mesh backing. PVB is being exposed in 
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the form of tensile bars sandwiched between glass and FEP, with glaiss on 
the exposed side. This is not a laminate. 

Table 5 con^ares the results of loss of visible optical transmission 
and elongation at break after four months outdoors imder EMMAQUA with 240 
days under the RS-*4 Sunlan^ and the Weather-Ometer. In general, correla* 
tion is good. It is obvious that those sample materials that are excel* 
lent outdoors are also stable under accelerated indoor aging - e.g., Halar 
500 and FEP 100. Similarly, Tenite 479 and Lexan 123 are poor in both the 
accelerated indoor weathering and the EMMAQUA outdoor weathering. There 
is an approximately similar transmission loss for Tedlar 20 both indoors 
and outdoors. Sylgard 184 evidences a loss of over half of its transmis* 
sion in both the wet EMMAQUA and the wet Weather-Ometer, but not in the dry 
RS*4 Sunlcuip. This reconfirms previous conclusions that silicones are 
moisture*sensitive in the presence of UV light. 

It is too soon to draw any definite conclusions, but it is hoped that 
the EMMAQUA experiments and information resulting from the other accelerated 
test methods can eventiially be assembled into a coherent presentation from 
which positive correlations may be drawn. Conclusions resulting from this 
study will be invaluable for the rapid selection etnd evaluation of future 
materials. 

Variations in mechcuiical properties versus temperature were also part 
of the original endeavor to characterize material performance. Tcd>les 6 
through 9 present the measurements of tensile strength, elongation at break, 
tensile modulus, auid yield strength for twelve polymers at six temperatures 
between -20^C and +80^C. Generally, tensile strength and yield strength 
can be seen to decrease with increasing tempera t\u:e, while modulus and ul* 
timate elongation show consider aible variation. 

Another basic material property, coefficient of thermal expansion, ap* 
pears in Table 10. Lineau: thermal expansion was determined on nine materi- 
als from the original prograua using test method ASTM D-696. Manufacturers 
and literature supplied values for an additional six materials. It can 
be readily observed that the polymers investigated have coefficient of ex- 
pansions of approximately eight to sixty times that of silicon. This 



Indicates that stresses will appear on solar cell wafers encapsulated in 
any one of these materials upon thermal cycling. However, materials of 
low modulus should > » capable of absorbing the stress without damage to 
the cell, as, for example, silicone resin. 

DESIGNS AND CONSTRUCTION ELEMENTS 

An iiq>roved approach of broader scope for the successful selection of 
potentially useful materials was derived from the specification of design 
elements. On the assumption that the flat-plate collector is the most ef- 
ficient construction, nine different design options can be considered and 
are presented in Figure 2. The designs cure useful to determine the number 
of glue lines, fabrication processes, material cost estimates, etc. Using 
the flat-plate model, six construction elements may be discovered: 

1. Outer covers (e.g., conformal, UV sere *, protective) 

2 . Substrates ( structural , load-bearing) 

3. Pottants 

4. Superstrates (structural, load-bearing) 

5. Back covers 

6. Adhesives 

Materials may now be identified in terms of their function(s), or func- 
tions can be described and specific materials recommended to suit the use. 

The substrate/superstrate materials are briefly summarized in Teible 11. 
This listing of potentially useful structural materials is just a first cut? 
other materials will be added on further investigation - e.g., other fiber- 
glass filled compounds, etc. Costs are normalized to 0.1 inch thickness 
for the pxirpose of conparison. The least expensive substrate material found 
is chip board at $0,042 per square foot. However, it is cost per unit of 
rigidity that is most important and not merely cost per pound. The rigidity 
is needed in the substrate to withstand wind loading. 

The transparent polymer which will be used to encapsulate the solar 
cell is perhaps the most critical construction element. This encapsulant 
must withstand long years - up to 20 or more for the long-range goal - of 
weathering under a wide variety of conditions. It must do so with minimum 
loss of transparency cind without excessive loss of physical properties. 
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Ttt<. polymers that are most weather resistant are also the most 
costly - i.e . , the fluorocarbons. Acrylics are also highly weathereible 
and very much more reasonable in price, but those investigated in the 
original program were not fabricable due to high melting point and exces- 
sive rigidity. 

We will now e]g>lore two routes to a cost-effective encapsulant: 

1. Investigate the Availability 

of Fabricable Acrylics 

A broad ranging survey is being conducted with all acrylic manufac- 
turers to find an acrylic - probably a copolymer - that will be fzdsricable 
at reasonable ten^eratxires ^below 2S0-300^F) and still be '>^ather resis- 
tant. This data will be made available in the next quarterly report. 

2. Use of a Fadiricable and Less E3q>ensive 

Polymer That Is Not UV Stable 

Many polymers are available at under $1.00 per pound. Unfortunately, 
with the exception of acrylic, they eire all unstable to weathering - i.e., 
UV-catalyzed oxidation. 

It will be necessary not only to stcd>ilize the selected polymer with 
internally compounded additives but also to protect it externally with a 
coating or film containing high concentrations of UV stabilizers. 

TeJale 12 - peurts A through D - contains a listing of all (hopefully) 

U. S. numufactured transparent commercial polymers. The table is set up 
to include in the first section a description of the polymer - i.e., its 
generic chemical type, at least one of its trade names, and the manufac- 
tturer. A given polymer is often available through other producers, but 
for the sake of convenience only one has been listed. 

The next section of the table describes processability as being either 
in liquid or solid form. Liquid signifies a casting process. Under solid 
the fabrication temperature is shown as either less than { < ) or greater 
them ( > ) 250°F (a few are at 250°F) . It is essential that the fabrication 
(extrusion, conq>ression molding, injection molding, thermo forming) tempera- 
ture be below 350°F to avoid melting the solder and to avoid the need for 
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high forming pressiires that would crack the brittle silicon cell. The 
250^F ten^eratiure is cm approximation and should allow a sufficient safety 
factor. 

In the central portion of the table is a column showing the siunrival 
prognosis; this involves the survival span in years of unprotected mater i* 
als. In the next column is shown an upgrading potential in years of com* 
pletely protected polymers. By complete protection we imply a high level 
of cm internal UV additive synergistic system and a film or coating contain* 
ing a high level of UV absorber to screen out the impinging UV light. All 
of these figures are educated opinions, since this type of information is 
rarely available. The years predicted for the virgin polymer are given in 
ranges and those for the protected polymer as Fair (F) or Good (G) at 10 
and 20 ye^u:s of lifetime. 

The following portion of the table contains literat\ire information on 
properties * hydrolysis resistance (educated opinion), tensile modulus, re* 
fractive index, density, and coefficient of thermal expansion. We chose 
what we considered to be the most in^jortant properties. Stiffness (modulus) 
is critical to fabrication; if there is too much stiffness, the polymer would 
require such a high pressure to be fabricated that it would crack the cell. 

In addition, a soft plastic may be necessary to absorb stress generated by 
the differencj in coefficient of thermal expansion between inorganic sili- 
con and an organic polymer. 

The final (extreme right) portion of the table covers costing in terns 
of cost per pound, cost per volume as $/cubic inch, fill (space between 
cells) cost as $/square foot, and the cost for an additional 5*mil (0.0005 
inch) protective covering for the cell. The total encapsulant cost is the 
sum of the fill and the cover cost. 

We have condensed the list of transparent polymers into a small group 
of materials in Table 13 which are, or at least have the potential of being, 
easily processable. This t 2 d>le is divided into two groups: those polymers 

that can be cast and those that are fabricable below approximately 250^F. 

Only those polymers are included in this table whose all-around properties 
offer chance of success. By this we mean: 
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a. The price must be reasonable. 

b. Stiffness modulus must be relatively lew. 

c. The polymer must be processable. 

a. There must be a reasonable possibility that the polymer 
can be upgraded to last 10 years and hopefully 20 years 
through internal and external protection. 

e. The polyzrier must have reasonable physical properties. 

This rules out, for excunple, ttie cheap but brittle hydro- 
carbons from Neville Chemical. 

f . The polymer sheet must be trsmsparent. 

The principal example of a casting resin is the presently used silicone. 
The silicones have the obvious disadvantage of price. Cast acrylics are much 
lower in cost. However, we must be careful that we use a casting resin that 
is flexible - i.e., one having a relatively low modxilus - to provide stress 
relief because of the difference in coefficient of thermal expansion between 
silicon and polymer. Tliere are two types of hot melts being considered: 
ethylene/vinyl acetate copolymer, and acrylics. A thermoset polyester is 
included. Polyvinyl chloride copolymer is included in the top group as a 
plastisol and in the bottom group as a plasticized resin. One aliphatic ure- 
thane has been found so far. 

The solid polymer/low temperature fabricable group is headed by polyvinyl 
butyral (PVB). This material is sold in plasticized form; and one grade, of 
course, is the familiar safety glass interlayer in automobiles. Both our 
recent work and considerzd>le prior study at Monsanto (the manufacturer) in- 
dicate that unprotected PVB, as expected, is a UV- and thermally unstable 
polymer. By ”as expected" we mean that there is no theoretical or practical 
reason why PVB should be UV/oxidation stable. When PVB is laminated between 
glass, both oxygen and moisture are excluded. THIS IS THE PRIMARY REASON WHY 
PVB IS STABLE AS A SAFETY GLASS INTERLAYER - AND MONSANTO AGREES. 

We will conduct UV exposure experiments in the prssence and absence of 
air and moisture to reprove this point. Monsanto will also provide us with 
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special grade of PVB stabilized with internally compounded UV additives. 
Thcv claim that this material will last at least 1C years, and perhaps 
longer, without further protection. Monsanto people also state that the 
hydrolytic sensitivity of PVB is not inherent in the polymer but is caused 
by inpurities. 

The solid, low*melting ethylene copolymers shown in the tai.ie are not 
stable to UV but with both internal protection and external screening 
offer the possibility as a long-term encapsulant. 

Finally, again we have the potential of a low-melt rylic co- 

polymer. 

All of the candidates in this final table (Tcd>le 13) will be investi- 
gated as encapsulation candidates. 
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TABLE 5 

Conparison of Outdoor EimAQUA Aging with Accelerated 
Aging Under the RS-4 Sunlamp and Weather-(Meter 


Polymer 

Visible Transmission (%) ^*^ 

Tensile Elongation (%) 

Unaged 

Control 

4 Months 
in the 
BWIAQOA 

240 Days 

4 Months 
in tne 
ENMAQUA 

Unaged 

Control 

240 Days 

(b) 

RS-4 

(c) 

»-0 

RS-4 

W-0 

Halar 500 

81 

62 

70 

71 

175 

182 

234 

255 

Tedlar 20 

76 

19 

34 

30 

120 

145 

89 

172 

PEP 100 

84 

65 

68 

78 

220 

263 

265 

312 

Kel-F 6060 

82 

57 

68 

68 

130 

7C 

150 

165 

Sylgard 184 

76 

30 

64 

26 

106 

80 

87 

88 

Plexiglas V 811 

92 

79 

76 

81 

5 

2 

1.5 

2 

Plex.glas OR 61K 

90 

75 

80 

78 

17 

13 

1 

4 

Tenite 479 

92 

44 

(d) 

(d) 

81 

80 

(d) 

(d) 

Lexan 123 

t 

88 

64 

(d) 

(d) 

104 

14 

(d) 

(d) 


(a) 350-800 nm 

(b) RS-4 Sunlamp, 55°C 

(c) Weather-Ometer, 55®C 

(d) Degraded 
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TABLE 6 

Mechanical Property /Temperature Variation 

Property: Ultimate Tensile Strength (psi) 


Resin 

— 

Manufacturer 

1 ' ' ' " - — 

T^nperature 

-20°C 


23°C 



80®C 

Ualar 500 

Allied 

8180 

8470 

8405 

6015 

5900 

4950 

Tedlar 20 

DuPont 

15,145 

13.705 

12,510 

8060 

7890 

7785 

Plexi DR-61K 

Rohm & Haas 

- 

7705 

5525 

" ■ 
4355 

2985 

2300 

FEP-100 

DuPont 

5275 

4950 

3860 

3295 

2070 

1725 

Tenite 479 

Eastman 

- 

5070 

4695 

3555 

3230 

2165 

Sylgard 184 

Dow Corning 

505 

520 

450 

380 

340 

Q| 

RTV 615 

G.E. 

775 

510 

460 

570 

405 

730 

Kel-F 6060 

3M 

8825 

7330 

5655 

4150 

3200 

3025 

PFA 9705 

DuPont 

4600 

4615 

4030 

3010 

3430 

2680 

Plexi V-811 

Rohm & Haas 

- 

5925 

9135 

1 

8240 

5745 

4225 

Viton A-HV 

DuPont 

[ . , . 

3060 

bb'*’ 

NB<"> 

1 

NB^*^ 

115 

90 

C-4 Polycarbonate 

Union Carbide 

- 

6675 

5365 

4455 

3800 
i 

3035 


(a) No break; elongation exceeds machine capacity 
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Mechanical Property /Temperature Variation 

Property: Elongatiou at Break (%) 


Resin 

Manufacturer 

Ten^rature 

-20°C 

(Pc 

23®C 

40°C 

f 

60°C 

80®C 

Balar 500 

Allied 

285 

290 

27^ 

265 

365 

445 

Tedlar 20 

DuPont 



155 

140 

135 

160 

Plexi DR-61K 

Rohm & Haas 

- 

20 

25 

45 

90 

150 

PEP- 100 

DuPont 

640 

690 

330 

310 

295 

225 

Terite 479 

Eastman 

- 

60 

80 

■ 

75 

100 

95 

Sylqard 184 

Dow Corning 

230 

210 

110 

70 

85 

65 

RTV 615 

GeE. 

430 

420 

120 

110 

100 

110 

Rel-F 6060 

3M 

50 

80 

175 

180 

280 

310 

[ 

PFA 9705 

DuPont 

520 

540 

I 280 

255 

325 

365 

Plexi V-811 

Rohm & Haas 

• 

20 

5 

5 

10 

15 

Vi ton A-HV 

DuPont 

200 

>700 

> 1000 

<a) 

>500 

185 

70 

C-4 Polycarbonate 

Union Carbide 

- 

30 

50 

45 

60 

75 


(a) Elongation exceeds machine capacity 
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TABLE 8 

Mechanical Property/Temperature Variation 

Property: Modulus x 10^ psi 


Resin 

Manufacturer 

Ualar 500 

Allied 

Tedlar 20 

DuPont 

Plexi DR-61K 

Rohm & Hems 

FEP-100 

DuPont 

Tenite 

Eastman 

Sylgard 184 

Dow Corning 

RTV 615 

G.E. I 

Kel-F 6060 

3M 

PFA 9705 

DuPont 

Plexi V-811 

Rohm & Haas 

Viton A-HV 

DuPont 

1 


Tes^erature 


-20°C 


1.64 


0.94 



23°C 

40®C 

60°C 

40®C 

1.50 

1.30 

0.91 

0.24 

3.21 

1.50 

0.68 

0.38 

2.90 

2.35 

1.35 

1.10 

0.62 

0.49 

0.38 

0.18 

1.7i 

1.38 

1.06 

0.19 

230 

330 

270 

335 

160 

210 

275 

310 

1.13 

1.05 

0.32 

1 

0.20 

0.49 

0.44 

0.39 

0.19 

4.98 

4.60 

3.49 

2.36 

260 

230 

175 

160 

2.25 

2.65 

2.25 

2.16 


(a) Figures shown indicate psi x 1.0 at 50 percent elongation 
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TABLE 9 

Mechanical Proper ty/Temperatxire Variation 

Property; Yield Strength »psi) 


Resin 

Manufacturer 

‘l««s>erature 

-20°C 

QPC 

n 

i. ^ w 

40®C 

60°C 

80®C 

Haler SOO 

Allied 

7835 

8145 

5355 

3780 

2550 

1495 

Tedlar 20 

DuPont 

9790 

9460 

6140 

3835 

2875 

2200 

Plexi DR»61K 

Ro)m & Haas 

- 

(a) 

8200 

6100 

. . 

4865 

2805 

2390 

PEP-100 

DuPont 

2935 

2590 

2145 

1665 

l3oP“ 

970***^ 

Tenite 479 

Eastman 

• 

5270 

4320 

3090 

2305 

1650 

Sylgard 184 

Dow Corning 

NY 

NY 

NY 

NY 

NY 

NY 

RTV 615 

G.Be 

NY 

NY 

NY 

NY 

NY 

NY 

Kel-P 6060 

3M 

NY 

8675 

5570 

3990 

2615 

1770 

PFA 9705 

DuPont 

2685 

2530 

1860 

1730 

132?' 

(b) 

1055 

Plexi V-811 

p— — — 

Rohm 6 Haas 

- 

NY 

NY 

NY 

6525 

5250^^^ 

Vi ton A-HV 

DuPont 

NY 

1 

NY 

330 

185 

NY 

NY 

C-4 Polycarbonate 

Union Carbide 

- 

NY 

5480 

4740 

3915 

3285 


(e) TWO samples yielded; one sample had no yield. NY » No Yield 

(b) Pseudo yield point 

(c) Two seunples had no yield; one sample yielded. 
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TABLE 10 


Linear Thermal Expemsion 
ASTO D696 




y 


■J 




o 


o 


Resin 

(In./in./C°) X 10"® 

Coatinqs/Encapsulants 


Halar 500 

8.6 

Plexiglas DR-61 

9.3 

FEP 100 

11.7 

Tenite 479 CAB 

14.5 

Kel-F 6060 

7.0 

PFA 9705 

15.7 

Plexiglas V811 

6.3 

C-4 Polycarbonate 

9.7 

Lexan 111-123 

3.7 

Tedlar 

2.8 

Sylgard 184 

30.0 

RTV 615 

27.5 

Q3-6527 Gel 

1.45 X 10"^ 

Solar Cells 


Silicon 

0.3-0. 7 

Solder 

2.5 


I 


(a) Value submitted by manufacturer. 

(b) Cubical expansion: cmVcm^/*^C. 

(c) Handbook of Chemistry and Physics; 
Chemical Rubber Publication Conpany, 
30th Edition (1948). 
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Transparent Plastics Survey 
Materials Under 50 Cents/Pound 



ext«jrnal coatinri or sheet coritaininq a UV absorber. ...Continued 


Materials Under SO Cstita/HHifid lOontiMisd ->2) 
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Transparent Plastics Survey 
Materials Costing 50 Cents to $1*00/Pomid 
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Transparent Plastics Sa 
Materials Costing $1*00 to $4 
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Tranoparent Plastics 6urvay 



FrotectccS with an internal UV absorber and an (f} 566 pel (100%) 

external roatinq or sheet containing a UV absorber. 3B9 psi (100%) 





ta:.^ U 

Processable Transparent Polymers 


0RIG1NAI.MGEB 

OF POOR QUAUTX 


Polymer 


Cost 

(5/Ub) 


Upgrading 
Potential 
in Years 


Silicone - Sylgard 184 
- Q36527 

11 

9 

Aliphatic urethane 

(a) 

a'tcrylics 

1. 50-1 • 65 

Hot melts - 


Ethylene/vinyl acetate 
Acrylic 

0.80-0-90 

1.50-3.00 

Polyvinyl chloride copolymer 
plastisol 

0.50-0.60 

Flexibilised polyester 

0.38 


• Solid Polymers FaJoricable Below 250^F 


Pol^’vinyl butyral 

1-50 

Acrylic copo2 Tner 

1.30 

lonomer 

0.64 

Ethylene/vinyl acetate 

0.50 

Ethylene/e^yl acrylate 

0.48 

Plasticized polyvinyl chloride 
copolymer 

0.30-0.40 


F-G P-F 


(a) Price is expected to be between $1.00 and $4.00/po\ind. 


5-23 




FIGURE 2 

Flat-Plate Solar Module Design 



Description 


Cell? bonded to rigid sxibstrate; trans- 
parent encapsulant, top cover. 


Cells bonded to underside of transparent 
si^>er8trate/top cover; encapsulant; back 
cover. 


Rigid single tran^mrent encapsulant; 
top cover. 


Flexible single transparent encapsulant; 
rigid clear siq>erstrate. 


Flexible single transparent encapsulant; 
rigid substrate. 


Cells bonded to rigid substrate; clear 
conformal top coat. 


Cells bonded to clear svg>erstrate/top 
cover; conformal under coat. 


Cells bonded to rigid substrate; clear 
encapsxilant; air gap; top cover. 


Cells bonded to rigid substrate; air 
gap; top cover. 
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6. CONCLUSIONS AND RECOKMENDATIOWS 


1. tbtt p l—i a qprsy pcocoss has not b«an soccassful on tlM txial nodul* 
o nc apnlatio n » atta^ptad ao far. Call fracturing and aoldar aalting 
hanra ba«i tlm pradoninant andaa of failura. Tim procaaa la in Ita in« 
fancy* hounvar* and doaa dcaionatrata the potential to ba of uaa in 
futura phaaaa of the LSSA project. 

2. Iha abili^ to fonnilata ultraviolet acraening coatinga of low coat 
haa bean daaonatratad. Uaing aolution acrylic polyaars (Aolm & flaaa* 
hcryloid aariaa) aa vahiclaa, coatings of one adl thickness ware found 
to have low* and *n savaral cases zero, percent transmittance in the 
range from 290-3S0 nm. The cost of tJ'.ose coatings was in the order 
of $0.01 per square foot per adl. 

3. Hm results of material testing after the first EMHAQOA exposure 
(4-month) have been obtained. The data shows very similar trends in 
(^tical pr^erties to the 240-day exposures to Maather-QBnter and 
SS-4 fluorescent sunlaap conditions. This and other ENHAQUA data will 
hopefully yield a aiore definite correlation of natural and artificial 
weathering conditions in the future. 

4. Coefficients of linear thermal expansion were measured for thirteen 

polymers and found to be eight to sixty times that of silicon. Ther- 
mal cycling will obviously cause stresses to form at any polymer/cell 
interface. encapsulant smterial must therefore be of sufficiently 

low modulus to acc o m mo date eiqpansion differentials. 

5. The flat-plate module construction is assuBMd to be the most efficient 
collector surface. Based on this assumption* nine basic variations in 
design were considered from which six construction elmients could be 
identified. This peradts selection of materials for use as specific 
elements and introduces a much broader range of possibilities. 
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6. Surveys ere being conducted to identify the oost appropriate Bateri- 
als for each construction elraentt 

(a) Outer covers (coatings) 

(b) Ai^perstrates 

(c) Pottants 

(d) Sabetxatas 

(e) Bade covers (undercoats) 

(f) adheslop 

7. The lowest cost substrate materials found so far have been chip board 
and plywood, at $0.041'-$0.044 per square foot (normalised to 0.1 inch 
thiclcnsss). 

8. The most inherently weatherable naterials found to date are fluorocar- 
bons, silicones, glass, and acrylic.;. Acrylics are the only weather- 
able polymers showing potential for ready processing and low cost. 
Materials surveys will consequently aaphasise them. 


« 


I) 
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7. FUTURE WORK 


Efforts during the next quarter will emphasize the following 

activities: 

1. Trial encapsulation of miniature solar cell modules with a 
coiqpoond < 9 timized for the plaisma spray process to further 
investigate the feasibility of this method. 

2. Further investigaticm into low-cost ultraviolet screening 
coatings using silicones and acrylic vehicles. 

3. Determination of the efficiency of the nv screen coatings 
prepared to date by examination of their ability to protect 
unstable polypropylene. 

4. The prepeuration of functional Saflex (plasticized PVB) and 
glass laminated solar cells for inclusion into the encapsu- 
lation testing program. 

5. Heas\u:«nent and correlation of I/V characteristics of cell 
modules recently con^leting EMMAQUh e^q>osure. 

6. Continuing surveys of materials to fit each of the six iden- 
tified material construction elements. 

7. An enqphasized study of commercially available acirylics as 
pottants* adhesives, coatings, ouid load-bearing materials. 



